1. Introduction {#sec1}
===============

Inorganic foams composed of ceramic materials,^[@ref1]^ metals,^[@ref2],[@ref3]^ carbon,^[@ref4]^ or boron nitride,^[@ref5]^ also referred to as cellular solids or cellular solid materials,^[@ref6]^ are by definition ensembles of packed cells in a space with solid edges and faces.^[@ref7]^ Inorganic foams have been used as lightweight support materials, thermal insulators, in medical applications (scaffolds, implants), electronics, and as absorbents/adsorbents.^[@ref6],[@ref8]^ Highly porous geopolymer foams are a recent addition to the group of inorganic foams.^[@ref9]^ Pores are commonly introduced into the geopolymers by the incorporation of a blowing agent (e.g., H~2~O~2~ or metallic Al powder) during synthesis,^[@ref10],[@ref11]^ but other methods exist, such as mechanical foaming,^[@ref12]^ sacrificial templating,^[@ref13]^ freeze-casting,^[@ref14]^ additive manufacturing,^[@ref15]^ and emulsion templating.^[@ref16]^

Geopolymers, also known as low-calcium alkali-activated materials, are amorphous to semicrystalline materials synthesized by reacting aluminosilicate precursors (e.g., metakaolin, fly ash) with concentrated aqueous alkaline solutions (e.g., sodium hydroxide and/or sodium silicate).^[@ref17],[@ref18]^ As a result, a negatively charged three-dimensional and interconnected aluminosilicate (Si--O--Al) framework is formed. The negative charge (originating from four-coordinated Al) is balanced by cations (e.g., Na^+^ or K^+^) that are present in the framework cavities. Geopolymers have been extensively studied as replacements for Portland cement,^[@ref19]^ but, due to the high intrinsic cation exchange capacity, they have also been used (typically in powdered form) as adsorbents for the removal of cationic dyes (e.g., methylene blue) and heavy metals (e.g., Cu^2+^, Ni^2+^, Pb^2+^).^[@ref20],[@ref21]^ The introduction of large open pores (μm scale) to the geopolymer structure widens their prospects in adsorption applications^[@ref9]^ because of the increased water permeability and available surface area. Consequently, these porous spheres^[@ref22],[@ref23]^ and monoliths^[@ref24],[@ref25]^ can be used instead of powders as adsorption media, which simplifies the separation of adsorbent and regeneration.

The pollution of the aquatic environment with emerging contaminants (ECs), such as pharmaceuticals, hormones, and dyes, is suspected to have adverse impacts on humans and ecosystems.^[@ref26],[@ref27]^ Particular attention should be paid to small, polar, anionic, and nonvolatile molecules as these properties increase their mobility in the environment and hinder removal during conventional wastewater treatment processes.^[@ref28]^ Adsorption is considered to be a prominent pretreatment method^[@ref29]^ in the EC removal because of its simplicity, efficiency, and the possibility of using abundant and low-cost materials, such as agricultural^[@ref30]^ or mineral waste (e.g., fly ash)^[@ref21]^ as raw materials. However, negatively charged ECs, such as anionic dyes, are often challenging to remove with inorganic adsorbent materials due to the intrinsic anionic surface charge of the framework. Geopolymers, for example, typically have negative ζ-potential at pH 2--12.^[@ref22],[@ref24]^ However, a fly ash-based geopolymer has been reported to be capable of adsorbing anionic surfactant sodium dodecyl benzenesulfonate (SDBS).^[@ref31]^ According to the ζ-potential measurement, the geopolymer particles were positively charged at pH \< 7.04 and negatively charged at pH \> 7.04, which explained the highest removal efficiency obtained at pH 2 and the sharp decrease in the surfactant removal at higher pH values. However, such acidic conditions are not feasible in larger-scale applications. Thus, effective removal of persistent anionic pollutants at near-neutral pH requires the surface chemistry of a geopolymer foam to be altered.

Cellulose nanoparticles, i.e., cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs), are biobased materials that are recognized for their potential to act as adsorbents in water treatment applications due to their hydrophilicity, high surface area-to-volume ratio, low toxicity, and the possibility to add a wide variety of functional groups to the cellulose backbone.^[@ref32]^ One novel and sustainable approach to cellulose modification is the use of deep eutectic solvents (DESs). DESs can be produced from safe bulk chemicals, and they have been shown to act not only as a reaction medium but also as a reagent in the production of functionalized CNFs and CNCs.^[@ref33]−[@ref37]^ The most prominent challenge related to the use of nanosized cellulose particles alone as adsorbents is the difficulty in separating the exhausted particles from the solution.^[@ref38]^ Therefore, cellulose nanoparticles are often used in combination with other materials, such as (nano)clay minerals,^[@ref39]^ metal particles,^[@ref40]^ and metal--organic frameworks (MOFs).^[@ref41]^ These hybrid materials can be removed after treatment, e.g. by an external magnetic field^[@ref40]^ or through charge neutralization with other nanoconstituents, such as halloysite nanotubes or kaolin.^[@ref39]^

Porous geopolymer foams are a promising substrate for cellulose nanoparticles due to their large surface areas and rigid nature. Cellulose^[@ref42],[@ref43]^ and natural cellulosic fibers (e.g., flax, bamboo, cotton)^[@ref44]−[@ref46]^ have been used as a reinforcement agent in the geopolymer matrix due to their low densities, affordability, and good mechanical properties. However, the combination of cellulose nanoparticles with geopolymers has scarcely been studied,^[@ref47]^ and indeed no information is available on the surface modification of geopolymers with cellulose nanoparticles. One of the biggest obstacles hindering geopolymer surface modification with cellulose nanoparticles is the presence of free alkali in the material after geopolymerization,^[@ref48],[@ref49]^ which can trigger the degradation of the biopolymer if there is prolonged contact.^[@ref47]^ Therefore, extra effort must be made to effectively reduce the alkalinity of the geopolymer. In the case of geopolymer blocks, this has been achieved through excessive washing with water^[@ref11],[@ref22]^ or acids.^[@ref42],[@ref43]^

In this work, we report the surface modification of a porous metakaolin geopolymer foam with cationic CNCs produced from wood cellulose through periodate oxidation and a DES-mediated imination reaction. The geopolymer--CNC hybrid foams were then demonstrated as reactive filter media for the removal of the aqueous anionic dye, methyl orange (MO), at pH 7. In addition, the effects of acid and thermal treatments on the structure, properties, and adsorption capacity of geopolymer foams with CNCs and MO were investigated. The chemical and structural characteristics of CNCs were analyzed using energy-filtered transmission electron microscopy (EFTEM), diffuse reflectance infrared Fourier transform spectroscopy (DRIFT), polyelectrolyte titration, and ζ-potential measurement. The geopolymer foams were analyzed using X-ray diffraction (XRD), X-ray fluorescence (XRF), field emission scanning electron microscopy (FESEM), Brunauer--Emmett--Teller and Barrett--Joyner--Halenda methods (BET-BJH), thermogravimetric analysis (TGA), and ζ-potential measurement. The MO removal was quantified using ultraviolet--visible spectroscopy (UV--vis).

2. Materials and Methods {#sec2}
========================

2.1. Raw Materials and Chemicals {#sec2.1}
--------------------------------

All reagents were used as-received, and deionized water was used throughout the experiments. Metakaolin (MetaMax, 53.0 weight-% SiO~2~, 44.5 weight-% Al~2~O~3~; BASF, Germany), sodium silicate solution (extra pure, 7.5--8.5% Na~2~O, 25.5--28.5% SiO~2~, molar SiO~2~/Na~2~O = 3.5, water content ≈ 64 weight-%; Merck, Germany), NaOH (98.7%; VWR, Czech Republic), H~2~O~2~ (30%; VWR, France), and CTAB (hexadecyltrimethylammonium bromide, ≥ 98%; Sigma-Aldrich, India) were used in the production of the geopolymer foams. Acetic acid (100%; Merck, Germany) was diluted to 0.1 M before use in the acid wash of the geopolymer foams.

Wet disintegrated sheets of commercial softwood dissolving pulp (cellulose 96.2%, hemicelluloses 3.5%, total lignin \<0.5%, acetone soluble extractives 0.17%; Domsjö Fabriker AB, Sweden) was used as the cellulose raw material. LiCl (≥99%; Sigma-Aldrich, Germany), sodium metaperiodate (≥99.0%; Sigma-Aldrich, India), glycerol (99.5%; VWR, Belgium), aminoguanidine hydrochloride (\>98.0%; TCI, Japan), and ethanol (96%; VWR, France) were used in the chemical modification of the cellulose fibers.

Methyl orange (85%; Sigma-Aldrich, U.S.A.) was used in the dye removal experiments. For pH adjustment, 0.1 M/1 M NaOH and 0.1 M HCl (Oy FF-Chemicals Ab, Finland) were used. Commercial 0.5 M buffer solutions were used in the charge density measurements of the cationic CNCs (citric acid/sodium citrate dihydrate pH 3, citric acid/sodium citrate dihydrate pH 5, sodium phosphate monobasic/sodium phosphate dibasic pH 7, sodium phosphate monobasic/sodium phosphate dibasic pH 8, sodium bicarbonate/sodium carbonate pH 9, and sodium bicarbonate/sodium carbonate pH 10; Alfa Aesar, Germany). Anionic sodium polyethylene sulfonate (Pes-Na, 0.001 N; BTG Instruments GmbH, Germany) was employed as the titrant. TiO~2~ (rutile, ≥ 99.9%; Aldrich, Japan) was used as an internal standard in XRD measurements of geopolymer samples, and uranyl acetate (98%; Polysciences Inc., U.S.A.) was used for negative staining of the CNCs prior to EFTEM imaging.

2.2. Synthesis of Geopolymer Foams {#sec2.2}
----------------------------------

Alkali activator solution was prepared by mixing the sodium silicate solution (100 g) with NaOH pellets (11.8 g) overnight in a closed plastic bottle. CTAB ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) (0.1 g dissolved in 1 mL of water) was added to the activator solution and mixed effectively for 10 min. Metakaolin (63.1 g) was gradually added into the activator solution over 3 min using an overhead mixer (IKA Eurostar 60 digital, Germany) at 1200 rpm, after which the mixing was continued for 7 min. Then, H~2~O~2~ solution (5.4 mL) was added to the mixture, and the mixing was continued for another 1 min at 1200 rpm. The homogenized mixture was poured into cylindrical poly(methyl methacrylate) (PMMA) plastic molds (inner height of 101 mm, diameter of 44 mm, and volume of 0.15 L), which were placed inside a plastic bag. The samples were cured at 60 °C for 4 h. The geopolymer had the following molar ratios: SiO~2~/Al~2~O~3~ = 3.65, Na~2~O/SiO~2~ = 0.27, Na~2~O/Al~2~O~3~ = 1.00, and H~2~O/Na~2~O = 14.1. The fresh paste had a water content of 40% (w/w).

![(A) Chemical structure of surfactant CTAB; (B) heat-treated geopolymer foam sample (GP-H) after demolding and before insertion into the column; (C) geopolymer foam (GP) molded directly into the column; and (D) column combined with top and bottom parts containing the liquid inlet and outlet.](am0c05927_0001){#fig1}

Half of the cured geopolymer foams (referred to as GP) were demolded, and the top and bottom parts of the samples were gently smoothened with abrasive paper to reveal the pores. The samples were rinsed with water, placed in Teflon cups and treated hydrothermally at 121 °C and 1 bar for 1 h using an autoclave (Steralis Stèrimax S18--W1, France). The samples (referred to as GP-HT) were rinsed with water, and the excess water was removed with pressurized air. Organic matter was burned away from the samples in a muffle furnace (Nabertherm L5/11/P320, Germany) (heated to 105 °C in 30 min and kept at 105 °C for 4 h, then heated to 525 °C in 2.5 h and kept at 525 °C for 3 h). After the heat treatments, the samples (referred to as GP-H) were fixed into PMMA plastic columns that had the same dimensions as the molds. As the hydrothermal and furnace treatments caused the GP-H samples to shrink slightly, poly(tetrafluoroethylene) (PTFE) tape (Unipak Unitape, Denmark), Parafilm M (Bemis Company Inc., U.S.A.) and silicone paste (Henkel Pattex Healthy Kitchen & Bathroom Sanitary Silicone, Sweden) were used to seal the samples tightly against the column walls ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), after which the samples were dried at room temperature overnight. The other half of the cured geopolymer samples (GPs) were kept in the molds, and only the top and bottom parts were smoothened with abrasive paper ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C).

2.3. Cationization of Cellulose and Disintegration into Nanocrystals {#sec2.3}
--------------------------------------------------------------------

Cationized dialdehyde cellulose (CDAC) was synthesized according to a previously reported^[@ref34]^ two-step procedure ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). In the first step, cellulose was converted to dialdehyde cellulose (DAC) by selectively oxidizing the vicinal hydroxyl groups to aldehyde groups using sodium metaperiodate. LiCl disrupted the hydrogen bond network of cellulose and improved the oxidation efficiency by exposing more hydroxyl groups to periodate. In the second step, DAC was cationized in an aminoguanidine hydrochloride--glycerol (AhG) DES, which acted as both a reaction medium and a reagent (aminoguanidine hydrochloride).

![Cationization of Oxidized Cellulose Pulp in Aminoguanidine Hydrochloride--Glycerol Deep Eutectic Solvent](am0c05927_0009){#sch1}

In the synthesis of DAC, 1% (w/w) dissolving pulp (10 g abs.) in deionized water was reacted with sodium metaperiodate (8.2 g) in the presence of LiCl (18 g) for 3 h at 75 °C. Ethanol (500 mL) was added to stop the reaction, after which the mixture was filtered to collect DAC. The DAC fibers were rinsed with 50:50 ethanol:water solution (500 mL), then mixed with ethanol (500 mL) for 15 min, filtered, and finally washed with ethanol (250 mL). The yield of the first reaction was 80%. In the synthesis of CDAC, AhG DES was first prepared by heating and mixing aminoguanidine hydrochloride (52.5 g) and glycerol (87.5 g) in a beaker at 90 °C in an oil bath until a clear liquid was formed. The temperature was adjusted to 80 °C, after which DAC (7 g abs.) was added. The DES-DAC mixture was effectively mixed for 10 min, after which ethanol (250 mL) was added, under stirring, to the mixture. After filtration, the collected CDAC was thoroughly washed with ethanol (2 × 500 mL). Finally, CDAC was mixed with deionized water (500 mL) for 1 h and collected by filtration. The yield of the second reaction was 110%.

Cationic CNCs were produced from 1% (w/w) aqueous CDAC dispersion by mechanical disintegration using a microfluidizer (Microfluidics M-110EH-30, U.S.A.). The CDAC dispersion was passed twice through 400 and 200 μm chambers at a pressure of 1000 bar. The dry matter content of the resulting CNC suspension was determined from oven-dried (105 °C) samples.

2.4. Production of CNC-Geopolymer Foam Hybrids {#sec2.4}
----------------------------------------------

Geopolymer samples GP and GP-H (directly molded or fixed afterward in columns, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [1](#fig1){ref-type="fig"}C) were washed with 0.1 M acetic acid to remove the excess alkali before combining with CNCs. Acetic acid solution (1 L) was circulated through the column (bottom-up direction, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D) overnight at 15.5 rpm (8.5 mL/min) using a peristaltic pump (Abimed Gilson Minipuls 3, Germany) with silicone tubing (inner diameter 2 mm). Then, the geopolymer samples (referred to as GP-AA and GP-H-AA) were rinsed until neutrality by pumping deionized water through the column at 48 rpm (0.96 L/h). The 1% (w/w) CNC suspension was diluted with deionized water to 0.1% (w/w) (600 mL), and the pH was adjusted to 7.50 with 1 M NaOH. A sample (1 mL, equal to 1 mg of CNCs) was taken from the CNC suspension for initial charge density determination. Then, the remaining CNC suspension was circulated through the geopolymer GP-AA and GP-H-AA columns in bottom-up direction using a peristaltic pump at 10 rpm (5 mL/min) for 6 days ([Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)of the [Supporting Information](#notes1){ref-type="notes"}, [SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)). A sample (1 mL) was taken from the CNC suspension at regular intervals (1--3 days) for charge density measurement, and the pH of the suspension was recorded. The formed hybrids were referred to as GP-AA-CNC and GP-H-AA-CNC.

2.5. Dye Removal Experiments {#sec2.5}
----------------------------

Acid-washed geopolymers and heat-treated acid-washed geopolymers with and without CNCs (GP-AA, GP-AA-CNC, GP-H-AA, and GP-H-AA-CNC) were applied as filtration columns for MO removal. The columns were not dried between the acid wash/CNC addition and dye removal experiments because drying agglomerates CNCs. The quantification of MO in the experiments was done using UV--vis spectroscopy (Shimadzu UV-1800, Japan) at 464 nm using quartz cuvettes. The spectrum was recorded at 200--800 nm for each sample to detect any changes in the location of the absorbance maximum. Calibration was performed for the MO concentration range of 0--20 mg/L at pH 7 ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)). Deionized water was used for baseline corrections. An MO solution (5 or 10 mg/L) was prepared by diluting the MO stock solution (1000 mg/L) with deionized water using a volumetric flask (100 mL). The pH of the resulting MO solution was adjusted to 7.00 by adding a few microliters of 0.1 M HCl/NaOH. Using a peristaltic pump at 12 rpm (5 mL/min), the solution was dripped onto the surface of each column, and the filtrate was collected ([Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)). The pH, the weight, and the absorbance of the filtrate were recorded. Then, the filtrate solution was passed through the columns again, and the pH, weight, and absorbance were recorded. The procedure was repeated five times in total. The percentage of removed MO from solution was calculated using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}:where *C*~0~ (mg/L) is the initial MO concentration, and *C*~*t*~ (mg/L) is the MO concentration after each filtration cycle.

2.6. Material Characterization {#sec2.6}
------------------------------

For XRF, XRD, TGA, and ζ-potential analyses, powdered geopolymer samples were used. The synthesized geopolymer foams were first crushed by hand and, when needed, mixed overnight with 0.1 M acetic acid. The acid was removed by centrifugation at 7517 rpm for 5 min at 20 °C (Beckman Coulter Avanti J-26 XPI, U.S.A.) and consequently washed with water (500 mL) three times. After each wash, the water was removed by centrifugation. The resulting samples were dried in an oven at 105 °C overnight and stored in a desiccator prior to analysis.

### 2.6.1. Characterization of Chemical Composition of Geopolymers by XRF {#sec2.6.1}

The chemical composition of the geopolymer samples was determined using a 4 kV wavelength dispersive XRF spectrometer (Malvern Panalytical Axios mAX, The Netherlands). The samples (8.25 g) were ground to a fine powder and compressed into tablets before the analysis. The XRF data was interpreted using Omnian software (Malvern Panalytical, The Netherlands).

### 2.6.2. Characterization of Thermal Decomposition of Geopolymers by TGA {#sec2.6.2}

The TGA measurements were performed with a PrepASH 340 ash analyzer (Precisa, Switzerland) under air. Samples (0.5--1.7 g) were heated in a crucible from 25 to 105 °C in 30 min, kept at 105 °C for 4 h, heated to 525 °C in 2.5 h, kept at 525 °C for 3 h, and finally heated to 950 °C in 1 h and kept at 950 °C for 3 h. The loss on ignition at 525 and 950 °C (LOI~525~ and LOI~950~, respectively) was determined by comparing the dry weight at 525 and 950 °C with the dry weight at 105 °C, respectively.

### 2.6.3. Characterization of Geopolymer Structure by XRD {#sec2.6.3}

XRD analysis was performed using a Rigaku SmartLab 9 kW diffractometer (Japan) with CuK~β~ radiation over a 2θ range of 5--130° at a scanning speed of 4° min^--1^ and a step of 0.02°. Before analysis, samples GP-AA and GP-H-AA underwent additional grinding for 3 min at a speed of 1400 min^--1^ using a vibratory disc mill (Retsch RS 100, Germany), after which they were sieved to \<62 μm. Other samples were ground by hand using a mortar and sieved to \<105 μm. Rutile (10% w/w) was added to the samples as an internal standard for the quantification of crystalline phases.

### 2.6.4. Characterization of Surface Charge of Geopolymers and CNCs by ζ-Potential {#sec2.6.4}

Before analysis, the geopolymer samples were ground for 3 min at a speed of 1400 min^--1^ using a vibratory disc mill (Retsch RS 100, Germany) and sieved to \<62 μm. The true densities of the powders were determined using a gas pycnometer (Micrometrics AccuPyc II 1340, U.S.A.), using helium gas as the displacement medium. The particle sizes of the powders were measured by laser diffraction (Beckman Coulter LS 13 320, U.S.A.) from a 0.2% (w/v) water slurry that had been ultrasonicated (37 kHz, pulse mode, 100% power) with overhead mixing for 15 min before measurement. The geopolymer sample (∼0.8 g) was poured into the graduated cylinder containing deionized water (500 mL), after which the suspension was homogenized by agitating the capped cylinder 10 times. The suspension was allowed to settle until a solid concentration of 0.1% (w/w) composed of particles below 10 μm was reached (calculated using Stokes Law). Then, a sample (100 mL) of the supernatant was taken, and the ζ-potential was measured (Malvern Pananalytical Zetasizer Nano Z, U.K.) in the pH range 2--11.5 (adjusted with NaOH/HCl). The 1% (w/w) CNC suspension was diluted with deionized water to 0.1% (w/w) before ζ-potential measurement.

### 2.6.5. Characterization of Geopolymer Nanometer-Scale Porosity and Specific Surface Area {#sec2.6.5}

Specific surface areas and pore volumes of the geopolymer samples were determined from N~2~ gas adsorption--desorption isotherms using a Micromeritics ASAP 2020 instrument (U.S.A.). The samples were pretreated at 70 °C for 24 h before analysis. The specific surface area was calculated based on the Brunauer--Emmett--Teller (BET) isotherm, and pore-size distributions were calculated from the desorption data using Barrett--Joyner--Halenda (BJH) method.^[@ref50]^ Total porosity was calculated using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}:where *ρ*~t~ is the true density (g/cm^3^) obtained from pulverized (\<105 μm) samples using the helium pycnometer (Micrometrics AccuPyc II 1340, U.S.A.), and *ρ*~g~ is the geometric density (g/cm^3^) determined from dry samples (foam blocks) using an analytical balance and a caliper.

### 2.6.6. Characterization of Charge Density of CNCs by Polyelectrolyte Titration {#sec2.6.6}

The 1% (w/w) CNC suspension was diluted with deionized water to 0.1% (w/w). Buffer stock solutions (0.5 M) in the pH range of 3--10 were diluted to 0.5 mM with deionized water, and the pH was adjusted with 0.1 M NaOH/HCl. The samples for measurement were prepared by mixing 1 mL CNC suspension and 9 mL buffer solution in the sample cell of the particle charge detector (Mütek PCD 03, U.S.A.), after which the mixture was titrated with Pes-Na. CNC samples (1 mL) from the geopolymer-CNC combination experiments were mixed with 9 mL of deionized water, and the mixture was titrated with Pes-Na. The amount of CNC in the solution at each data point was calculated by comparing the Pes-Na consumption with the consumption at *t* = 0 (charge density of 1 mg of CNCs).

### 2.6.7. Characterization of Cellulose Structure by DRIFT Spectroscopy {#sec2.6.7}

DRIFT spectra were collected with a Bruker Vertex 80v spectrometer (U.S.A.) for the oven- or freeze-dried cellulose samples (pulp, DAC, CDAC). The spectra were recorded in the wavenumber 600--4000 cm^--1^ using 40 scans with a resolution of 2 cm^--1^.

### 2.6.8. Characterization of the Morphology of CNCs by EFTEM {#sec2.6.8}

EFTEM samples were prepared by dropping the diluted nanocellulose suspension (0.01% v/v) on a carbon-coated copper grid. Uranyl acetate (2% w/v) was used in the negative staining of the samples, after which the samples were dried at room temperature. Images were captured with a TVIPS TemCam-F416 camera (Germany), using 100 kV as an accelerating voltage (JEOL JEM-2200FS, Japan). The widths and lengths of individual nanocrystals (*n* = 120) were measured from images with ImageJ/FIJI processing software (National Institutes of Health, U.S.A.). The height and width distribution peaks were evaluated through Gaussian fitting (OriginPro 2018 software; Origin-Lab Corporation, U.S.A.).

### 2.6.9. Characterization of Geopolymer and CNC--Geopolymer Hybrid Morphologies by FESEM {#sec2.6.9}

FESEM samples were prepared by cutting pieces from the top and middle parts of the CNC-geopolymer hybrids (used in MO removal, wet), after which they were frozen in liquid N~2~ and dried in a freeze-dryer (LaboGene Scanvac CoolSafe, Denmark) overnight. Geopolymer samples that did not contain CNCs were dried at 105 °C prior to freezing and freeze-drying. Images were captured from carbon-coated samples using 5 kV accelerating voltage (Zeiss Ultra Plus, Germany).

3. Results and Discussion {#sec3}
=========================

3.1. Characteristics of Geopolymer Foams and the Impact of Thermal Treatments and Acid Wash {#sec3.1}
-------------------------------------------------------------------------------------------

The alkali-activation process used in the production of the geopolymer foams included the following main steps: (1) dissolution of aluminosilicate source (in our case metakaolin), (2) speciation and equilibrium of aluminate and silicate, (3) gelation, (4) reorganization, and (5) polymerization and hardening.^[@ref51]^ The added H~2~O~2~ decomposed into oxygen gas (O~2~) and water in the alkaline geopolymer paste.^[@ref52]^ The interface between O~2~ gas bubbles and aqueous phase in the fresh geopolymer paste was stabilized (e.g., their coalescence was prevented) with surfactant CTAB. The entrapment of these bubbles in the geopolymer paste resulted in the formation of a highly porous foamy structure during curing. The raw material selected for the geopolymer foam production was metakaolin because of its purity and consistent chemical composition compared with industrial byproducts (e.g., fly ash).^[@ref53]^ CTAB was used as a surfactant because, based on the preliminary tests, it was found to produce a highly porous and water permeable structure with homogeneous pore-size distribution when combined with H~2~O~2~.

The cured geopolymer foams required further processing before they were brought together with CNCs because cellulose and cellulose nanoparticles are prone to degradation in alkaline conditions^[@ref47]^ and geopolymers are known to be highly alkaline due to residual NaOH remaining in the pore water after synthesis.^[@ref48],[@ref49]^ Consequently, there are four main sample types discussed in this section: Cured geopolymer foams (GP), acid-washed cured geopolymer foams (GP-AA), heat-treated cured geopolymer foams (GP-H), and heat-treated and acid-washed cured geopolymer foams (GP-H-AA). In some procedures, metakaolin geopolymers are ground to a fine powder and washed numerous times with water before use in adsorption experiments.^[@ref54],[@ref55]^ This method was, however, not applicable in our case because of the highly porous, continuous monolith structure of the fabricated foams. Thus, the foams were washed overnight with dilute acid to guarantee their efficient neutralization. On the basis of the preliminary experiments, 0.1 M acetic acid was chosen (samples referred to as GP-AA and GP-H-AA) as it was less corrosive to the geopolymer than 0.1 M HCl.

Heat treatment was selected as an adjacent strategy for alkalinity reduction. First, GP samples were treated hydrothermally using an autoclave (samples referred to as GP-HT) to ensure that the components had fully reacted and that the amount of unreacted NaOH was as low as possible. Hydrothermal treatment of cured metakaolin geopolymers can also result in the formation of zeolites when continued for 10--18 h at 90--140 °C.^[@ref56]−[@ref59]^ In this case, however, zeolite formation was not expected due to the short duration of the hydrothermal treatment (1 h). The GP-HT samples were then heated to a maximum temperature of 525 °C (annealing, samples referred to as GP-H). This was to reduce the amount of CTAB surfactant (i.e., organic carbon) from the GP samples because it was suspected that CTAB can introduce a cationic charge^[@ref60]^ to the GP structure and interfere with the adsorption of cationic CNCs through electrostatic repulsion. After the heat treatment, the GP-H samples were washed with acetic acid to remove any residual NaOH (samples referred to as GP-H-AA).

According to the XRD results ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), all geopolymer samples had a broad peak centered at around 30° 2θ, which confirmed that the samples remained amorphous^[@ref61]^ despite the heat and/or acid treatments, as expected. The peaks originated from rutile that was used as an internal standard (containing anatase impurities). The morphologies of the different geopolymer samples did not differ significantly from each other either ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)). Interconnected pore structures were observed in all samples and the largest pores were approximately 1 mm in diameter. The GP-HT sample was not studied further because it was unlikely that it would greatly differ from the GP sample.

![Diffractograms of geopolymer (GP), hydrothermally treated geopolymer (GP-HT), acid-washed geopolymer (GP-AA), heat-treated geopolymer (GP-H), and heat-treated acid-washed geopolymer (GP-H-AA). Samples contained 10% (w/w) of rutile as an internal standard (containing anatase impurity).](am0c05927_0002){#fig2}

XRF results ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) showed that the acid wash reduced the alkaline metal content of the samples because the amount of Na~2~O was 41% and 35% lower in GP-AA and GP-H-AA samples compared with nonwashed samples GP and GP-H, respectively. The Na/Al molar ratio was close to 1 in the GP and GP-H samples, which indicated that there was little excess sodium (Na) in the geopolymers and that the heat treatment did not reduce the alkaline metal content. However, the amount of bromine (Br) was 54% and 62% lower in samples GP-H and GP-H-AA, respectively, compared with the GP sample, which suggested that heat treatment had decreased the amount of CTAB. LOI~525~ results ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) supported this conclusion since the weight loss observed for samples GP and GP-AA was considerably higher than for samples GP-H and GP-H-AA. The higher LOI~525~ result obtained for the GP-H-AA sample compared with GP-H is likely an outcome of the residual acetic acid or sodium acetate in the sample. The low amount of bromine in the GP-AA sample can be explained by the sample preparation method and uncertainty of the analysis since the LOI~525~ value is in line with the result obtained for the GP sample ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)).

###### Chemical Composition and Loss on Ignition of the Studied Samples

  composition (wt %)   GP      GP-AA                                     GP-H    GP-H-AA
  -------------------- ------- ----------------------------------------- ------- ---------
  SiO~2~               48.1    52.0                                      48.8    51.4
  Al~2~O~3~            22.4    24.7                                      23.1    24.3
  Na~2~O               15.2    8.9                                       15.0    9.7
  TiO~2~               0.9     1.0                                       0.9     1.0
  FeO                  0.2     0.2                                       0.2     0.2
  K~2~O                0.06    0.06                                      0.07    0.07
  P~2~O~5~             0.04    0.04                                      0.02    0.03
  CaO                  0.01    0.02                                      0.01    0.01
  MgO                                                                            0.01
  Cl                   0.03    0.01                                      0.02    0.02
  Br                   0.013   \<0.003[a](#t1fn1){ref-type="table-fn"}   0.006   0.005
  LOI~525~             8.1     8.5                                       2.3     5.4
  LOI~950~             8.3     8.9                                       2.6     5.8
  Na/Al molar ratio    1.1     0.6                                       1.1     0.7

Detection limit for bromine.

The acetic acid wash increased the surface area and decreased the pore width of both the GP and GP-H samples ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), which indicated that the acetic acid caused slight etching of the samples by removing unreacted NaOH. In addition, the increase in surface area was more pronounced with samples that were not heat-treated, which can possibly be explained by the higher levels of nonreacted NaOH present in the matrix. On the basis of the BJH pore volume determinations, all samples were mostly mesoporous^[@ref62]^ ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)). The total porosities of samples GP and GP-H were 93.3 and 93.0%, respectively (GP-AA and GP-H-AA were not analyzed because they were fixed in the columns).

###### Surface Areas, Average Pore Widths, And Pore Volumes of Geopolymer Foams Analyzed by BET-BJH

                                                               GP              GP-AA           GP-H            GP-H-AA
  ------------------------------------------------------------ --------------- --------------- --------------- ---------------
  BET surface area (m^2^/g)                                    32.33 ± 0.11    47.81 ± 0.11    33.14 ± 0.06    36.46 ± 0.11
  average pore width (nm)                                      15.58           12.85           13.30           11.26
  macropore volume (cm^3^/g)[a](#t2fn1){ref-type="table-fn"}   0.0007          0.0006          0.0063          0.0009
  mesopore volume (cm^3^/g)[a](#t2fn1){ref-type="table-fn"}    0.186           0.220           0.206           0.179
  micropore volume (cm^3^/g)[a](#t2fn1){ref-type="table-fn"}   4.5 × 10^--6^   8.4 × 10^--4^   3.7 × 10^--4^   6.6 × 10^--4^

Macropores: *d*~0~ \> 50 nm, mesopores: 2 nm ≤ *d*~0~ ≤ 50 nm, and micropores: *d*~0~ \< 2 nm

Recently, the pore size distribution of a geopolymer foam produced using a very similar mix design to ours (i.e., direct foaming using CTAB and H~2~O~2~, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)) was analyzed by X-ray microtomography and BET/BJH.^[@ref63]^ The average pore width, surface area, and pore volume determined by BET were 11.7 nm, 31.0 m^2^/g, and 0.139 cm^3^/g, respectively. These results correspond well to our results presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. However, when the same sample was analyzed by X-ray microtomography, pore size distribution of 10--850 μm was observed, with the average pore width of 0.399 ± 0.221 mm. The reason for the different results is that microtomography can detect pore sizes \> ∼ 10 μm, while the BET/BJH method is able to detect pore sizes \<300 nm. In the same study^[@ref63]^ the porosities of geopolymer foams determined by X-ray microtomography and gas pycnometer were compared. The total and closed porosities determined with X-ray microtomography were 71.8% and 1%, respectively, which was a clear indication of the interconnectivity of the pores. The open (∼total) porosity determined with gas pycnometer (88.8%) was close to values obtained in this study for samples GP and GP-H. The result was higher than that which was acquired using X-ray microtomography, because of the presence of pores \<10 μm.

In summary, the different pretreatments were successful in altering the properties of the GPs. Acid wash reduced the alkalinity and increased the surface area of the samples, while annealing reduced the amount of CTAB on the samples. Considering the similarities in the mix design and in the results of the current and previous research, it can be assumed that the geopolymer foams were highly porous and had interconnected pores. The largest pores in our samples were approximately 1 mm in diameter ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)), which indicates that the pore size ranged from ∼10 nm to 1 mm.

3.2. Characteristics of CNCs {#sec3.2}
----------------------------

According to EFTEM images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), the CNCs consisted of rod-like nanoparticles. The CNCs had a width distribution in the range of 5--17 nm, which is comparable to the result obtained for birch pulp (5.7 ± 1.3 nm) under the same conditions.^[@ref34]^ The length distribution ranged from 30--170 nm. The average cationic charge density of CNCs was 2.4--3 mequiv/g in the pH range of 3--9 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), which is in line with previously reported results.^[@ref34]^ The slight decrease in the charge density in pH 10 is likely attributed to β-alkoxy fragmentation of the dialdehyde cellulose backbone in alkaline conditions and/or deprotonation of the functional groups (guanidinium ions).^[@ref64],[@ref65]^ The DRIFT spectra ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B) confirmed the success of the chemical functionalization in both synthesis steps. The spectrum of DAC (the product of step 1) exhibited a band at 1731 cm^--1^, which is characteristic of an aldehyde carbonyl group. In contrast, the spectrum of CDAC (the product of step 2) had a band at 1680 cm^--1^ attributed to C=N bond vibration and a shoulder band at ∼1642 cm^--1^ attributed to N--H bond bending.^[@ref66],[@ref67]^

![Energy-filtered transmission electron microscope (EFTEM) image of cellulose nanocrystals, and the width and length distributions. Gaussian fitting (*n* = 120) was used to evaluate the peak centers.](am0c05927_0003){#fig3}

![(A) Charge density of cellulose nanocrystals as a function of pH. The error bars represent the sample standard deviation (*n* = 12). (B) Diffuse reflectance infrared Fourier transform (DRIFT) spectra of cellulose pulp, dialdehyde cellulose (DAC), and cationized dialdehyde cellulose (CDAC).](am0c05927_0004){#fig4}

3.3. Preparation of CNC--Geopolymer Hybrid Foams {#sec3.3}
------------------------------------------------

Acid-washed samples GP-AA and GP-H-AA were selected for surface modification with cationic CNCs and application testing in dye removal. Especially, it was addressed, if the heat treatments (hydrothermal and annealing) had altered the surface properties of the geopolymer foam, and thus had an impact on the surface modification and dye adsorption compared with the nonheat-treated sample. A good permeability to the dilute CNC suspension was expected as GP and GP-H samples had very high total porosities (93.3% and 93.0%, respectively). The amount of CNC retained onto the geopolymers increased steadily, reaching 11--18 mg/g GP (243--346 mg, corresponds to 40--58% of CNC) during the 6 days of treatment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The average surface coverages of GP-AA-CNC and GP-H-AA-CNC were 2.2% and 3.4%, respectively (the parameters and calculation steps are presented in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)). The maximum theoretical surface coverage would have been 7.2%, with the assumption that all CNCs (0.6 g) had adsorbed on the geopolymer. Possible reasons for the observed lower surface coverages are the setup used for the combination (flow instead of sinking), insufficient surface charges on CNCs and geopolymers, and size exclusion. On the basis of the BET/BJH analysis ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), the geopolymers were mainly mesoporous (2--50 nm) with the average pore width of ∼11--13 nm. On the basis of the EFTEM image analysis CNCs had a width distribution of 5--17 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), which indicated that the surface modification of the smallest pores of the geopolymers was rather unlikely. It can be deduced that CNCs covered the macropores (\>50 nm), but because the geopolymer foam was mainly mesoporous, the total surface coverage remained low.

![Portion of cellulose nanocrystals (CNCs) adsorbed (A:%; B: mg; C: mg per 1 g of geopolymer) as a function of contact time onto the acid-washed geopolymer (GP-AA) and heat-treated acid-washed geopolymer (GP-H-AA) samples. MO5 and MO10 refer to the methyl orange concentrations in the consecutive dye removal experiments.](am0c05927_0005){#fig5}

The slightly higher surface coverage of GP-H-AA sample compared with GP-AA sample is mainly attributed to the lower BET surface area of GP-H-AA sample ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), because the amount of CNCs retained in the geopolymers was not significantly different ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Higher surface coverage values could be achieved by increasing the dry matter content of the CNC suspension, but then again, the risk of blockage of the pores and the cake formation on the surface of the monolith increases, as well as the total costs of the process.

The CNC adsorption and surface coverage results implied that the geopolymer surfaces interacted in a similar manner with CNCs despite the different pretreatments and suggested that the geopolymer possessed an opposite surface charge to that of CNCs. This was confirmed with the ζ-potential result of geopolymers ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Both samples had an anionic surface charge in the pH range of 3--11.5 and point of zero charge (PZC) at pH 2.5 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The samples exhibited a similar behavior where the anionic charge increased steeply (i.e., became more anionic) above pH 5 and stabilized at pH 6.9 and 7.7 in the case of GP-AA and GP-H-AA samples, respectively. The results are in line with the results obtained previously for metakaolin geopolymer monoliths,^[@ref24]^ where a negative surface charge in pH 2--12 and charge stabilization at pH \> 5.6 was observed.

![ζ-Potentials of cellulose nanocrystals (CNCs), acid-washed geopolymers (GP-AA) and heat-treated acid washed geopolymers (GP-H-AA) as a function of pH. Each data point represents an average value of three measurements together with the sample standard deviation. The vertical shaded area highlights the pH range during the CNC-GP combination, and the horizontal shaded areas highlight the pH regions where particles form stable colloidal systems.](am0c05927_0006){#fig6}

The ζ-potential of CNCs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) was in turn consistent with the charge density result ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), indicating that CNCs had a stable cationic charge in pH range 3--9.5 (ζ-potential \> +30 mV, shaded horizontal area in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The PZC was at pH ≈ 10.5. The pH of the CNC solution decreased from the original value of 7.5 to 6.8--7.0 during the surface modification of the geopolymer, presumably due to the residual acetic acid in the geopolymer. As can be seen from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} (shaded vertical area), the CNCs and both geopolymer samples exhibited high cationic and anionic surface charges in this region, respectively. The higher initial pH (e.g., 7.6--8) of the CNC solution was not suitable, evident as CNCs precipitated when brought into contact with geopolymers. This may be because small particles were released from the geopolymer foam as a result of the fluid flow and fastening of the caps (containing liquid inlet and outlet, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D), and these highly charged (ζ-potential −45 mV, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) particles neutralized the cellulose nanoparticles in the solution in this pH region (the CNC suspension is stable at pH 8, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). At pH \> 8, the appearance of the CNC solution changed (e.g., bubbling, yellowing) when in contact with geopolymers, which is likely caused by the degradation of dialdehyde cellulose backbone in alkaline conditions.^[@ref64]^

Geopolymer surface modification by CNCs was confirmed by FESEM ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Individual rod-like CNCs formed a fibrous, assembled nanoscale network in both GP-AA and GP-H-AA samples, as also supported by the CNC surface coverage (adsorption) results ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). As the FESEM samples were taken from filtration columns that had already been used in dye removal experiments, the CNCs were noted to be fixed on the surfaces and pores of the geopolymer by strong electrostatic forces. On the basis of the FESEM images, the CNCs existed in two different forms on the geopolymer surfaces. First, CNCs had arranged into long filaments that spread across the pores ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A2 and [7](#fig7){ref-type="fig"}B2). Second, CNCs formed a film (i.e., CNCs lying flat on the surface), evidenced by shrunken and broken CNC layers seen across the samples ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A3, A4, B3, and B4). On the basis of the FESEM images the films were not uniform and they had a multilayer structure with an approximate thickness of tens to hundreds of nm (the width distribution of individual CNCs was 5--17 nm, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Both filament and film formation are typical for CNCs.^[@ref68],[@ref69]^ It seemed that CTAB, despite being cationic, did not hinder the surface modification of the geopolymers by cationic CNCs. One possible explanation for this is the prolonged contact between CNCs and the geopolymer, which enabled the CNC particles to find the optimum location (i.e., the absence of CTAB) to attach onto.

![Field emission scanning electron microscope (FESEM) images of (A1--A4) acid-washed geopolymer foams modified with cellulose nanocrystals (GP-AA-CNC) and (B1--B4) heat-treated acid-washed geopolymer foams modified with cellulose nanocrystals (GP-H-AA-CNC) with different magnifications. Arrows mark the locations of the CNCs.](am0c05927_0007){#fig7}

The geopolymers were observed to retain 1.9--2.4 g of water per 1 g of geopolymer that originated either from the washing step (GP-AA and GP-H-AA samples) or from the dilute CNC suspension (GP-AA-CNC and GP-H-AA-CNC samples). This can be explained by the high surface area and porosity of the geopolymers ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Despite being hydrophilic, the addition of CNCs on the geopolymer surface did not improve the water retention capacity, possibly because of their rod-like morphology ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and the fact that they were scattered across the geopolymer surfaces, which prevented the hydrogel formation.

3.4. Utilization of CNC Modified Geopolymer Hybrid Foams As Reactive Filter Media for Anionic Dye Removal {#sec3.4}
---------------------------------------------------------------------------------------------------------

Decoration of the large internal surface of the geopolymer with cationic CNCs improved the anionic dye removal efficiency at pH 7 compared with the geopolymer samples without CNCs ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) in the filtration tests. The initial dye concentration (5 and 10 mg/L) did not have a significant impact on the removal. The increase in the dye removal caused by the addition of CNCs was clearly more pronounced in the heat-treated samples GP-H-AA-CNC (*C*~0~ = 5 mg/L: + 35--84%; *C*~0~ = 10 mg/L: + 35--58%) than with nonheat-treated samples GP-AA-CNC (*C*~0~ = 5 mg/L: + 3--7%; *C*~0~ = 10 mg/L: + 12--21%). Surprisingly, the total MO removal was higher with the nonheat-treated samples (with and without CNCs) than with the thermally treated samples (*C*~0~ = 5 mg/L: GP-AA 53--68%, GP-AA-CNC 55--70%, GP-H-AA 23--37%, GP-H-AA-CNC 40--50%; *C*~0~ = 10 mg/L: GP-AA 45--56%, GP-AA-CNC 54--63%, GP-H-AA 25--37%, GP-H-AA-CNC 36--50%).

![Methyl orange (MO) removal as a function of the number of passes through the acid-washed geopolymer (GP-AA) and heat-treated acid-washed (GP-H-AA) geopolymer columns with and without cellulose nanocrystals (CNCs) at pH 7 using an initial MO concentration of (A) 5 mg/L and (B) 10 mg/L.](am0c05927_0008){#fig8}

The initial hypothesis was that the major constituents responsible for MO adsorption would be CNCs, but, on the basis of these results, it is likely that CTAB also participated in the adsorption. CTAB is a cationic surfactant ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) that was added to stabilize the liquid--gas interface during the geopolymer foam synthesis. Considering this, it can be assumed that CTAB was located on the surfaces of the pores across the samples. Thus, the increased dye removal results obtained using the nonheat-treated samples (GP-AA and GP-AA-CNC) can be largely explained by the presence of CTAB as the XRF and LOI results ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) indicated that the nonheat-treated samples contained more CTAB than the heat-treated ones. One possible reason why the addition of CNCs did not significantly improve the dye removal results with the nonheat-treated samples (although being present, see [section [3.3](#sec3.3){ref-type="other"}](#sec3.3){ref-type="other"}) is that the CTAB located on the surfaces of the pores hindered the attachment of CNCs on those surfaces and assisted the aggregation of CNCs instead of a film formation. This aggregation, in turn, lowered the amount of available functional groups in the CNCs for dye adsorption.

In contrast, in the heat-treated samples, CNCs were mainly responsible for the MO adsorption as the amount of CTAB in the geopolymers was reduced. This also explained the low dye removal efficiency of the GP-H-AA samples as they contained no CNCs and only a low amount of CTAB.

In [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the dye removal efficiency is presented as a function of the passes of the same solution through the filtration column. The trends were different between the two geopolymer samples. For the GP-AA samples (with and without CNCs), the trend followed the anticipated pattern, i.e., the dye removal increased after each pass, indicating that more and more dye was adsorbed onto the filter. With the GP-H-AA samples, however, there was a decrease in the removal efficiency after the first pass, after which it increased slightly and then stabilized. This phenomenon was visible for samples with and without CNCs and in both dye concentrations. A possible explanation for the observed behavior is the ζ-potential of geopolymers ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). GP-H-AA particles reached stability at pH 7.7, implying that, at pH 7 (the initial pH of the dye solution), the surface charge of the geopolymer was not anionic enough to retain cationic CNCs which had impact on the dye removal. Thus, GP-H-AA filters are expected to perform better at pH \> 7.7. For the GP-AA samples, this phenomenon did not occur because the particles had already reached stability at pH 6.9.

One issue that needs further assessment is to investigate how firmly CNCs were attached to the geopolymer surfaces since CNCs were observed in the UV--vis spectra after the filtration cycles ([Figure S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf), λ = 200--300 nm). On the basis of the UV--vis spectra intensities, more CNCs were detached from the nonheat-treated geopolymer samples ([Figures S6B and S7B](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)) than from heat-treated ones ([Figures S6D and S7D](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)), which is a result of the presence of CTAB in the geopolymer structure. However, CNCs were also found in the filtrates of the heat-treated samples. Therefore, future work should focus on improving the attachment of CNCs on the surfaces, e.g., through silane chemistry.^[@ref70],[@ref71]^ This is especially crucial for the column filtration applications where a continuous flow is applied. Another point to consider in future work is the leaching of the surfactant from the geopolymer as surfactants can have a negative impact on the environment.^[@ref31]^ An alternative approach would be to use biobased surfactants (e.g., egg white^[@ref72]^).

A compressive strength of ∼0.6 MPa (at 7 d age) has been reported for a geopolymer foam produced using a very similar mix design to ours ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf)).^[@ref63]^ In comparison, sintered ceramic water treatment filters with similar porosities have compressive strengths of approximately 0.9--1.7 MPa.^[@ref73]−[@ref75]^ Considering this background and the fact that our design was almost identical to the reported one, it can be assumed that our filter material has sufficient mechanical properties for the intended application. However, these properties should be studied in detail in the future works. Finally, a more detailed adsorption study (the effect of pH, temperature, time, adsorbent concentration, adsorbate concentration, desorption, and regeneration) should be conducted to gain a full understanding of the potential of these novel hybrid foam materials.

4. Conclusions {#sec4}
==============

The surfaces of the cured geopolymer foams were successfully modified with cationic CNCs after a mild acid-wash treatment. CNCs attached to the geopolymer surfaces through electrostatic interactions and were aligned as continuous films and filaments across the samples. It was found that the addition of CNCs to the geopolymers improved the anionic dye removal by up to 84% in a filtration setup compared with samples without CNCs. In addition, the cationic surfactant CTAB had a crucial role in dye removal: When both CTAB and CNCs were simultaneously present in the geopolymer, CTAB was mostly responsible for the dye adsorption. However, when the amount of CTAB in the geopolymer foam was reduced through heat treatment before CNCs were incorporated on the surface, CNCs significantly increased dye removal. This work demonstrated how the properties of inorganic foams and organic nanomaterials, i.e., rigidity, high porosity and ion exchange capacity of the inorganic foam, and high surface area and functionality of the organic nanoparticles, can be successfully combined to increase the dye removal.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c05927](https://pubs.acs.org/doi/10.1021/acsami.0c05927?goto=supporting-info).Photographs of the set-ups used in the CNC filtration and MO removal experiments, MO calibration curve and spectra, FESEM images and photographs of the geopolymer samples, TGA curves of the geopolymer samples, incremental and cumulative pore volumes of the geopolymer samples, table comparing the mix designs of geopolymer foams, table of parameters used for the surface coverage calculation, and UV--vis spectra of MO solutions after column filtrations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05927/suppl_file/am0c05927_si_001.pdf))
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